Environmental conditions, such as air temperature and solar radiation, have a complex relationship with the energy requirements for heating and cooling of residential buildings. In this work, a comparative analysis of the insulation methods most commonly applied to low income single-family houses in Mexico is presented, in order to find the most energy-efficient combinations of methods for the various climates in this country. A common kind of building, small houses built with hollow cinder block walls and concrete slab roofs, was analyzed considering three insulation scenarios: walls only, roof only and both. We used dynamic simulation to evaluate energy consumption under the climate conditions found in several Mexican cities. From the energy consumption data and the cost of electricity in Mexico, we calculated net annual energy costs, including both annual energy savings and the annualized cost of the initial investment in better insulation. Results of this analysis show that insulating both roof and walls is most effective in cities with cold winters; insulating just the roof is best for temperate climates; and insulating walls (combined with high-albedo roofs) is most effective for cities with year-long warm weather.
Introduction

Energy Use for Climate Control in Buildings
Energy use in buildings represents a significant fraction of total energy consumption in industrialized countries. For example, residential buildings account for about 22% of the energy consumed in the United States [1] . The equivalent fraction for Europe is around 26.8%, implying that energy use in buildings is responsible for a high proportion of the European output of greenhouse gases [2] .
In 2014, the residential sector accounted for 22.6% of the total electricity consumption in Mexico. Only the industrial sector, which accounts for 63.1%, had a greater consumption [3] . Between 1996 and 2008, the number of homes with air conditioning in Mexico grew at an average rate of 7.5%. In 2008, total electricity consumption for air conditioning in the residential sector was 9.3 TWh, corresponding to 19.6% of the electricity consumption for the entire sector [4] . Air conditioners had the third highest energy consumption among electrical appliances in urban Mexican households between 1996 and 2006, accounting on average for 24% of the energy usage [5] .
The optimal thickness of thermal insulation, as well as proper values of solar reflectance and infrared emissivity in a building's exterior are some of the most effective passive measures for reducing
Optimal Thickness of Thermal Insulation
Different factors affect heat transfer through roofs and vertical walls. During the daytime, heat transfer through the roof is dominated by two factors: absorption of solar radiation and infrared emission to the atmosphere. These effects are much less important in walls, where heat transfer is predominantly convective [14] [15] [16] . This difference occurs because solar radiation hits roofs at a much higher angle during the hours of greatest intensity. Roofs also have a greater view of the atmosphere than any vertical wall, so they will lose a much greater amount of heat to the atmosphere through infrared radiation. Convection strongly depends on wind direction; the convective heat loss coefficient is highest for upwind walls, followed by roofs, side walls and downwind walls, in that order [17, 18] .
Optimal thickness is an economic term, where the cost of purchasing and applying thermal insulation is subtracted from the energy savings accrued during the useful life of the insulation [10] . Given the different mechanisms of heat transfer that affect roofs and walls, the optimal thicknesses of thermal insulation for roofs and walls are not necessarily the same for any given building. Sisman et al. [19] studied the costs and benefits of thermal insulation under various climate conditions in Turkey, determining that the optimal insulation is indeed different for walls and roofs.
Combined Effect of Solar Reflectance and Thermal Insulation in Roofs
Several studies on the use of energy for cooling buildings have shown that a building requires less thickness of thermal insulation on the roof if the external surfaces have high values of solar reflectance and infrared emissivity compared to low reflective-emissive roofs. One representative study consisted of experimental measurements on scale models of houses in Tucson, Arizona; this study showed that thermal insulation had a greater effect on the models' cooling loads when their roofs had inadequately low solar reflectance [20] . These authors showed graphically that increasing the thermal resistance (R-value) from 0.53 to 3.52 m 2¨K /W can reduce heat transfer into the building by 170 kJ/day for models with a roof albedo of 0.2. The same increase of thermal resistance by insulation, applied to a model with a roof albedo of 0.8, reduces heat transfer by only about 40 kJ/day.
Other simulation studies that have analyzed various locations show that, in cities where cooling is much costlier than heating, thermal insulation can significantly reduce total energy consumption when roofs are highly absorbent to solar radiation [21] . These energy savings are considerably diminished when the roofs have an adequate, i.e., high, value of solar reflectance [22] . Gentle et al. (2011) [8] used EnergyPlus to study the combined effect of three factors on heat gains and losses through roofs: solar reflectance, infrared emissivity and thermal resistance. For their simulation, the authors used a simple building model with no windows and with high insulation in walls and floors, as well as the temperate climate parameters of Sydney, Australia. Their main conclusion is that, for houses with little roof insulation, the greatest energy savings come from reflective and emissive roofs. The authors mention that, from the economic viewpoint, it is preferable to combine high emissivity and high reflectance with low insulation, since a low R-value in the roof facilitates more efficient radiative cooling.
The State of Building Insulation and Previous Studies in Mexico
The Mexican government has developed some standards related to thermal envelope performance in buildings, including the NOM-008-ENER-2001 and NOM-020-ENER-2011 (NOM-020) building standards, which limit heat gains through the envelope of non-residential and residential buildings, respectively [23] . The recommended measures for reducing heat transfer during the summer include thermal insulation of walls and roofs, as well as shading of windows. NOM-020 was officially made mandatory at the federal level in 2011, but many logistical details are still missing for the standards to be implemented in practice [24] . Certified building standards inspectors must be trained and deployed in every municipality throughout the country, and municipalities must start requiring proof of compliance with NOM-020 before issuing new construction licenses.
A new non-mandatory standard for evaluating the solar reflective performance of roof coatings (PROY-NMX-U-125-SCFI-2015) is currently also under development [25] .
In the Mexican regulations, climate zones are classified using degree-days. Degree-day is an important climatic design indicator that captures the extremity and duration of ambient temperature and is essentially the temperature difference between a single day's mean temperature and a reference temperature [26, 27] . The NMX-C-460-ONNCCE-2009 (NMX-C-460) uses a reference temperature of 10˝C for cooling degree-days (CDD10) and a reference temperature of 18˝C for heating degree-days (HDD18). The criteria used to define each climate zone are shown in Table 1 . Several works have studied the energy demands of space cooling and heating in low-income housing (i.e., affordable housing subsidized by the government; see Table 2 ). Almada-N. et al. (2011) [28] monitored eight low income single-family homes with an area of 38 m 2 in Mexicali, a city without space heating energy demand located in Climate Zone 2, and measured a total yearly electricity consumption ranging from 3835-7629 kWh/year. The monthly electrical consumption reported from appliances and lighting, excluding A/C equipment, is about 100 kWh. Thus, the annual energy consumption for space cooling per unit floor area can be estimated subtracting the annual consumption of appliances and lighting from total yearly consumption and then dividing by building area. By this calculation, in Mexicali, the energy consumption for space cooling was between 69 and 169 kWh/m 2 .
Results of other dynamic simulation studies are shown in Table 2 . These studies estimate three different values of space cooling and heating energy consumption in Hermosillo: 96 kWh/m 2 [29] , 142 kWh/m 2 [30] and 549 kWh/m 2 [31] (per unit floor area of base case). For Mexico City, an energy consumption of 41 kWh/m 2 was estimated [32] . Heard et al. (2013) [32] performed a systemic analysis to determine the optimal values of thermal insulation (including roofs and walls) for Mexico City, reporting energy savings between 334 and 402 kWh/year. The greatest savings were calculated for Mexicali (1941-4181 kWh/year); while the cost-benefit analysis showed that the most favorable net impact of thermal insulation was for the cities of Mérida, Villahermosa, Monterrey and Nuevo Laredo. Griego et al. (2012) [33] investigated the interactions between various energy efficiency measures for residential buildings in Salamanca, a city in central Mexico. The reference building had an area of 110 m 2 . Although this article mentioned that homes in Salamanca do not have space cooling and heating equipment, the authors assumed that a large portion (50%) of new constructions will be air conditioned by 2030. According to these authors, most of the energy savings in new air-conditioned buildings come from reductions in space cooling energy usage due to thermal insulation and high-efficiency air conditioning equipment (seasonal energy efficiency ratio of 17 (SEER17)). The optimal combination of R-values for new residential building in Salamanca is 1.4 m 2¨K /W for roofs and 1 m 2¨K /W for walls.
Investing in better energy efficiency through insulation is a significant economic effort for a family that has purchased a home using a mortgage, as happens in most cases in Mexico. This is why it is important to explore the various options available to achieve an optimal use of thermal insulation for residential buildings.
The optimal use of thermal insulation in roofs and walls of a small single-family house was determined. In order to do this, three scenarios for insulation were considered: only the roof, only the vertical walls and both. This work compared the economic impact of these three scenarios for the climate conditions of six cities in Mexico. Results with both the official price of residential electricity available in each city (which is subsidized by the federal government) and the average real cost of producing this electricity were also compared. The economic analysis with subsidized prices directly affects the decisions of individual homeowners that purchase thermal insulation, especially in existing residential buildings. Calculations based on the real cost of electricity, in contrast, better illustrate the impact of insulation on the whole country.
Methods
In order to evaluate the performance of different insulation scenarios, a series of dynamic simulations were carried out in TRNSYS. The baseline model used is a small single-family home, representative of the sort that is commonly built as low-income housing in Mexico. The total energy that would be required for heating and air conditioning this building with a commercially available vapor-compression heater/cooler system (mini-split heat pump) was calculated. The annual energy savings for the three previously-mentioned insulation scenarios, integrated over the useful life of the building, were determined. The total net savings consisted of the present value of those annual savings minus the initial cost of the insulation. Weather parameters from six cities in Mexico were considered and include two with mostly cooling needs (Acapulco in Thermal Zone 1 and Hermosillo in Thermal Zone 2), two cities with mostly heating needs (Toluca and Pachuca, both in Thermal Zone 4) and two with a similar need for both (Chihuahua and Mexico City, both in Thermal Zone 3).
Description of the Base Case
The base (uninsulated) case for simulations was a single-family home with four vertical walls and two windows, with a floor area of 48 m 2 . The walls are made of 15 cm-thick hollow cinder blocks, with plaster finish on the inside and mortar finish on the outside (the effective R-value of the whole wall was 0.248 m 2¨K /W). The roof comprised a 15-cm concrete slab with plaster finish on the inside and acrylic waterproofing on the outside (overall R-value of 0.152 m 2¨K /W). Single-pane windows represented 20% of the surface area in the walls that faced directly north and south, and we simulated the shade produced by neighboring houses. Figure 1 shows a diagram of this house and the outermost planes of the two neighboring houses (located to the east and west).
The vertical walls have a solar reflectance value of 0.7; for the roof, the values most appropriate for each city were defined according to the conclusions reported by Lucero-Alvarez et al. (2014) [22] : 0.1 for Toluca and Pachuca, 0.5 for Chihuahua and Mexico City and 0.9 for Acapulco and Hermosillo. For infrared emissivity, in all cases, a value of 0.9 was considered, because it is representative of the most common materials used in these buildings. These optimal thermo-optical values are presented in Table 3 . The vertical walls have a solar reflectance value of 0.7; for the roof, the values most appropriate for each city were defined according to the conclusions reported by Lucero-Alvarez et al. (2014) [22] : 0.1 for Toluca and Pachuca, 0.5 for Chihuahua and Mexico City and 0.9 for Acapulco and Hermosillo. For infrared emissivity, in all cases, a value of 0.9 was considered, because it is representative of the most common materials used in these buildings. These optimal thermo-optical values are presented in Table 3 . Table 3 . Optimal thermo-optical properties of building exteriors, by city.
City (Thermal zone)
Solar reflectance of walls
Solar reflectance of roofs
Infrared emissivity of roofs
Acapulco (1) 0.7 0.9 0.9 Hermosillo (2) 0.7 0.9 0.9 Chihuahua (3) 0.7 0.5 0.9 Mexico City (3) 0.7 0.5 0.9 Pachuca (4) 0.7 0.1 0.9 Toluca (4) 0.7 0.1 0.9
The model building simulated in TRNSYS includes the internal heat gains that would occur in the building from lighting, the use of electrical appliances and occupation by four people from 3:00 p.m-8:00 a.m. on weekdays, plus all day on weekends. We then calculated the electricity cost of using a mini-split heater/cooler, with an efficiency of SEER13 to keep the building between 19 °C and 26 °C for the whole year. Performance parameters based on units commercially available in Mexico were used for the simulations, and the capacity of the apparatus was selected based on a previous thermal simulation that estimated the heating and cooling loads required for each scenario. The material used for insulation was extruded polystyrene (XPS) with a thermal conductivity λ = 0.1008 kJ/(h•m•K), specific heat Cp = 1.47 kJ/(kg•K) and density ρ = 30 kg/m³. We tested 15 different arrangements of insulation: five different thicknesses (12, 25, 50, 75 and 100 mm of XPS) applied only to the roof (ROOF12, ROOF25…ROOF100), the same five thicknesses applied only to the walls (WALL12, WALL25...WALL100) and these same values applied to both (ALL12, ALL25...ALL100). Table 4 shows the R-values for roofs and walls in all of these cases. 
City (Thermal Zone) Solar Reflectance of Walls Solar Reflectance of Roofs Infrared Emissivity of Roofs
The model building simulated in TRNSYS includes the internal heat gains that would occur in the building from lighting, the use of electrical appliances and occupation by four people from 3:00 p.m-8:00 a.m. on weekdays, plus all day on weekends. We then calculated the electricity cost of using a mini-split heater/cooler, with an efficiency of SEER13 to keep the building between 19˝C and 26˝C for the whole year. Performance parameters based on units commercially available in Mexico were used for the simulations, and the capacity of the apparatus was selected based on a previous thermal simulation that estimated the heating and cooling loads required for each scenario. The material used for insulation was extruded polystyrene (XPS) with a thermal conductivity λ = 0.1008 kJ/(h¨m¨K), specific heat C p = 1.47 kJ/(kg¨K) and density ρ = 30 kg/m 3 . We tested 15 different arrangements of insulation: five different thicknesses (12, 25, 50 , 75 and 100 mm of XPS) applied only to the roof (ROOF12, ROOF25 . . . ROOF100), the same five thicknesses applied only to the walls (WALL12, WALL25...WALL100) and these same values applied to both (ALL12, ALL25...ALL100). Table 4 shows the R-values for roofs and walls in all of these cases. 
Economic Analysis
Total cost savings were calculated using both the real cost of electricity and the official price for the residential sector, which is subsidized by the Mexican government. An electricity production cost of 0.1939 US$/kWh was used as the real cost; this number is based on an official government report from 2015 [34] . The values for the subsidized price of electricity come from federal government figures for each of the cities we studied [35, 36] . In Mexico, there are seven different electricity price categories for residential use (1, 1A, 1B, 1C, 1D, 1E and 1F), each of which has three prices for different usage levels (basic, medium and excessive). The price category assigned to each city is based on the average minimum daily temperature during the summer. In this study, we used Price Category 1 for Mexico City, Pachuca and Toluca; 1B for Acapulco and Chihuahua, whose average minimum daily temperatures are between 25˝C and 28˝C; and 1F for Hermosillo, where the average minimum daily temperature during the summer is 33˝C. Table 5 shows the structure of these price categories. For the Mexican pricing scheme and the economic analysis in this work, the summer categories only apply during the hottest 6 months of the year. The price of Category 1 is applied to all cities for the rest of the year, but monthly consumptions for every usage level may vary. Under this pricing scheme, the first kWh consumed each month fall under the 'basic' usage level, and they are the least expensive. Subsequent kWh then fill the next levels in turn, increasing the price more and more. Hermosillo also has an extra usage level (high medium) not found in other cities. From our thermal simulation, we obtained the annual electricity consumption needed for space cooling (E cool ) and heating (E heat ) in all of the cases we studied. The annual energy cost was based on this consumption, using either the subsidized price of electricity (C e, sub ) as shown in Table 5 or the real cost of electrical production (C e, prod ). C e,sub " E heat P non´summer`Ecool P summer (1) C e,prod " pE heat`Ecool q P prod (2) P summer is the expected price in summer, calculated from the average monthly consumption during the summer and the corresponding summer electricity price scheme for each city. In order to determine this expected price, we added both the electrical consumption from the mini-split unit and an additional 100 kWh/month for appliances and lighting, estimated using data from Almada-N. et al. (2011) [28] . P non-summer is the average price given the expected heating costs and non-summer electricity prices. P prod is the real, unsubsidized price of producing electricity. The annual electrical cost savings (S e ) are the difference between the annual electricity cost in the base case (that is, without insulation, C e, base ) and the annual cost in each of the other cases (C e, ins ).
S e " C e,base´Ce,ins ,
The present value of the insulation was calculated by subtracting its installation cost from the present value of the energy savings that would accrue over the 30-year useful life of the house, assuming constant electricity prices and calculating the savings at the end of each year. The present value calculations are based on an interest rate of 6% and an inflation rate of 3%. The calculation of present worth factor is similar to that of Ozel (2011) [38] .
PWF " pp1`rq N´1q { pr p1`rq Nq , tr " pi´gq { p1`gqu (4) PWF = present worth factor, r = effective rate, i = interest rate, g = inflation rate and N = periods (in this case, 30 years).
The total initial cost of insulation (C ins ) was determined by adding the cost of the insulation material itself (C mat , corresponding to 254.40 US$/m 3 ), times the thickness (L) in meters, plus an installation cost (C inst ) of $20.80 US$/m 2 . We considered a total insulated surface area (A ins ) of 48 m 2 for the roof and 77.76 m 2 for the walls (we did not consider the surface area of the windows).
The net present savings (NPS) were defined as the net present value of all of the yearly savings, minus the initial investment in the insulation.
NPS " S e PWF´C ins (6) 3. Results Figure 2 shows the energy consumption of the house in our base case; the various cities we studied varied significantly in their relative use of heating and cooling. Annual energy consumption per unit of surface area came to 117 kWh/m 2 for Hermosillo; this value falls between those reported previously by Calderón et al. (2011) [29] and Campos (2011) [30] . For Mexico City, we calculated 33 kWh/m 2 , which is 8 kWh/m 2 less than was reported by Heard et al. (2011) [32] (see Table 2 ). Table 6 
Energy Savings
The net present savings (NPS) were defined as the net present value of all of the yearly savings, minus the initial investment in the insulation. Figure 2 shows the energy consumption of the house in our base case; the various cities we studied varied significantly in their relative use of heating and cooling. Annual energy consumption per unit of surface area came to 117 kWh/m² for Hermosillo; this value falls between those reported previously by Calderón et al. (2011) [29] and Campos (2011) [30] . For Mexico City, we calculated 33 kWh/m², which is 8 kWh/m² less than was reported by Heard et al. (2011) [32] (see Table 2 ). Table 6 shows the annual energy consumption for space cooling and heating per unit floor area for each combination of insulation and each city. 
NPS S PWF C
Results
Energy Savings
Case Acapulco Chihuahua Hermosillo Mexico City Pachuca Toluca
Base Case  123  125  116  33  50  73  ROOF12  120  105  102  24  35  58  ROOF25  119  101  99  23  33  56  ROOF50  119  97  97  22  33  56  ROOF75  118  96  96  21  33  55  ROOF100  118  95  96  21  33  55  WALL12  113  107  100  26  38  52  WALL25  110  102  95  25  36  47  WALL50  107  98  92  25  36  44  WALL75  106  96  90  25 36 43 Figure 2 . Annual electricity consumption for space cooling and heating in the base case. Table 6 . Simulated annual energy consumption for space cooling and heating per unit floor area (kWh/m 2 ).
Base Case  123  125  116  33  50  73  ROOF12  120  105  102  24  35  58  ROOF25  119  101  99  23  33  56  ROOF50  119  97  97  22  33  56  ROOF75  118  96  96  21  33  55  ROOF100  118  95  96  21  33  55  WALL12  113  107  100  26  38  52  WALL25  110  102  95  25  36  47  WALL50  107  98  92  25  36  44  WALL75  106  96  90  25  36  43  WALL100  105  95  89  25  36  43  ALL12  110  88  86  19  23  37  ALL25  105  77  78  18  21  29  ALL50  101  69  72  20  20  26  ALL75  99  65  69  21  21  25  ALL100  98  63  68  21  21  25 Figure 3 shows the energy savings accrued for each combination of insulation; they are the result of subtracting the overall consumption from the base case. In most cases, increasing the thickness of insulation also increased energy savings. Mexico City and Pachuca were the only cases where energy savings actually decreased slightly with insulation above 25 mm and 50 mm, respectively, for the cases with insulated walls and walls plus roof. Excluding fully-insulated cases (insulation in walls plus roof, here labeled "ALL"), in Acapulco, Hermosillo and Toluca, the greatest savings came from insulating the walls; in Mexico City and Pachuca, from insulating the roof; in Chihuahua, both strategies were comparable. 105  95  89  25  36  43  ALL12  110  88  86  19  23  37  ALL25  105  77  78  18  21  29  ALL50  101  69  72  20  20  26  ALL75  99  65  69  21  21  25  ALL100  98  63  68  21  21  25 Figure 3 shows the energy savings accrued for each combination of insulation; they are the result of subtracting the overall consumption from the base case. In most cases, increasing the thickness of insulation also increased energy savings. Mexico City and Pachuca were the only cases where energy savings actually decreased slightly with insulation above 25 mm and 50 mm, respectively, for the cases with insulated walls and walls plus roof. Excluding fully-insulated cases (insulation in walls plus roof, here labeled "ALL"), in Acapulco, Hermosillo and Toluca, the greatest savings came from insulating the walls; in Mexico City and Pachuca, from insulating the roof; in Chihuahua, both strategies were comparable. Including "ALL" cases, the energy savings for Chihuahua, Hermosillo and Toluca ranged between 600 and 3000 kWh/year. For Acapulco, Mexico City and Pachuca, savings were between 100 and 1500 kWh/year.
WALL100
Cost-Benefit Analysis
Given the multi-tiered pricing scheme for electricity in Mexico, the reductions in monthly consumption made possible by insulation also affect the average price that consumers pay for electricity. That is, insulation both reduces the overall electricity needed by the users and also allows them to purchase less expensive electricity at lower usage levels. Table 7 shows the average electricity prices paid by users for each amount of insulation, as well as the upfront cost of that insulation and, at the bottom of the table, the difference between the highest and lowest prices accessible through different levels of insulation. Average prices in Acapulco and Chihuahua were particularly high because high A/C usage forces consumers to go well into the "excess" electricity usage level. Monthly usage in Hermosillo, in contrast, fell entirely within the "basic" level. This city had the lowest average electricity price, as well as the lowest variation in price caused by different thermal insulation levels. Figures 4-9 present the net savings for each city, comparing the present value of capital costs and energy savings and considering both the subsidized price and the real cost of electricity. Acapulco (Figure 4) shows how, in extremely warm climates without heating needs, the best option is to insulate the walls (WALL25; these results are similar for both the subsidized and real cost of electricity). We observe this phenomenon because a highly emissive, uninsulated roof allows the building to transfer the most heat to the atmosphere through infrared radiation. If that roof is also reflective, nighttime passive cooling through the roof is large enough to offset unwanted heating during the day. Roof insulation is thus counterproductive in this climate, as reflected in the graph and previously reported by Gentle et al. (2011) [8] .
In the city of Hermosillo (Figure 5 ), the heavy government subsidy on the price of electricity makes it highly counterproductive for users to install insulation in their houses, despite the fact that the city would experience substantial savings in the real cost of energy (based on production cost). The most economically-optimal case in our simulation, 50 mm in walls and roofs (ALL50), had a net present value of 80 US$/m 2 when we considered the real cost of electricity ($3780 US$/year for the whole building). This present value dropped to negative 38 US$/m 2 under the subsidized price. Negative net present savings for all insulated cases imply that it is not feasible to use thermal insulation.
In this situation, the sum of annual energy cost savings during the lifecycle period is not enough to compensate for the investment made to install the insulation. In the city of Hermosillo ( Figure 5 ), the heavy government subsidy on the price of electricity makes it highly counterproductive for users to install insulation in their houses, despite the fact that the city would experience substantial savings in the real cost of energy (based on production cost). The most economically-optimal case in our simulation, 50 mm in walls and roofs (ALL50), had a net present value of 80 US$/m 2 when we considered the real cost of electricity ($3780 US$/year for the whole building). This present value dropped to negative 38 US$/m 2 under the subsidized price. Negative net present savings for all insulated cases imply that it is not feasible to use thermal insulation. In this situation, the sum of annual energy cost savings during the lifecycle period is not enough to compensate for the investment made to install the insulation. We found the greatest net present values for insulation in the cities of Chihuahua and Toluca (Figures 6 and 9) , where both walls and roofs should be insulated (ALL50 and ALL25, respectively). Both cities have a high energy cost during the cold months, showing how insulation is most effective in winter. In the city of Hermosillo (Figure 5) , the heavy government subsidy on the price of electricity makes it highly counterproductive for users to install insulation in their houses, despite the fact that the city would experience substantial savings in the real cost of energy (based on production cost). The most economically-optimal case in our simulation, 50 mm in walls and roofs (ALL50), had a net present value of 80 US$/m 2 when we considered the real cost of electricity ($3780 US$/year for the whole building). This present value dropped to negative 38 US$/m 2 under the subsidized price. Negative net present savings for all insulated cases imply that it is not feasible to use thermal insulation. In this situation, the sum of annual energy cost savings during the lifecycle period is not enough to compensate for the investment made to install the insulation. We found the greatest net present values for insulation in the cities of Chihuahua and Toluca (Figures 6 and 9) , where both walls and roofs should be insulated (ALL50 and ALL25, respectively). Both cities have a high energy cost during the cold months, showing how insulation is most effective in winter. Mexico City (Figure 7 ) has a low overall heating and cooling cost and, therefore, low savings; insulation was only cost-effective on the roof (ROOF25). In Pachuca (Figure 8) , it is optimal to insulate the roof (ROOF25) given the subsidy; given the real price, the optimal solution is to insulate roof and walls (ALL25), but the walls have a minor contribution. Mexico City (Figure 7) has a low overall heating and cooling cost and, therefore, low savings; insulation was only cost-effective on the roof (ROOF25). In Pachuca (Figure 8) , it is optimal to insulate the roof (ROOF25) given the subsidy; given the real price, the optimal solution is to insulate roof and walls (ALL25), but the walls have a minor contribution. Mexico City (Figure 7) has a low overall heating and cooling cost and, therefore, low savings; insulation was only cost-effective on the roof (ROOF25). In Pachuca (Figure 8) , it is optimal to insulate the roof (ROOF25) given the subsidy; given the real price, the optimal solution is to insulate roof and walls (ALL25), but the walls have a minor contribution. According to NOM-020, air conditioning of residential buildings in Mexico greatly affects peak demand on the electrical system. The highest impact occurs in coastal areas, where cooling is more common than heating, and in the northern states, where both cooling and heating are commonly used even in low-income households. Air conditioning and heating systems are less common in the cities of central Mexico, such as Salamanca [33] and Toluca [39] .
A study linking temperature, income and air conditioning in Mexico predicts market saturation of air conditioning in all warm climate cities within just a few decades. Increasing temperatures, growing income and falling equipment prices all contribute to an accelerated adoption of air conditioning. Conversely, a more modest scenario is predicted for the future adoption of heating We found the greatest net present values for insulation in the cities of Chihuahua and Toluca (Figures 6 and 9) , where both walls and roofs should be insulated (ALL50 and ALL25, respectively).
Both cities have a high energy cost during the cold months, showing how insulation is most effective in winter.
Mexico City (Figure 7 ) has a low overall heating and cooling cost and, therefore, low savings; insulation was only cost-effective on the roof (ROOF25). In Pachuca (Figure 8) , it is optimal to insulate the roof (ROOF25) given the subsidy; given the real price, the optimal solution is to insulate roof and walls (ALL25), but the walls have a minor contribution.
According to NOM-020, air conditioning of residential buildings in Mexico greatly affects peak demand on the electrical system. The highest impact occurs in coastal areas, where cooling is more common than heating, and in the northern states, where both cooling and heating are commonly used even in low-income households. Air conditioning and heating systems are less common in the cities of central Mexico, such as Salamanca [33] and Toluca [39] .
A study linking temperature, income and air conditioning in Mexico predicts market saturation of air conditioning in all warm climate cities within just a few decades. Increasing temperatures, growing income and falling equipment prices all contribute to an accelerated adoption of air conditioning. Conversely, a more modest scenario is predicted for the future adoption of heating equipment [40] .
Of the six cities considered in this work, the results for Acapulco, Hermosillo and Chihuahua have the greatest relevance; since these are the cities with the current largest use of cooling equipment (and heating systems also, in the case of Chihuahua).
Based on calculations of this work, the energy demand for heating in Hermosillo is above 1000 kWh/year; this energy is necessary to maintain the indoor temperature of homes above 19˝C. Climate conditions in Hermosillo, however, are not as extreme as those in Chihuahua. The average of "extreme minimum temperature" for the coldest month in Hermosillo is´1.2˝C; in Chihuahua, that average is´10˝C [41] . Unlike in Chihuahua, thus, space-heating equipment is not common in Hermosillo. Figure 10 shows an economic analysis that omits the cost of heating; this analysis differs from that shown in Figure 5 . If only cooling energy is considered, the optimum scenario of thermal insulation for Hermosillo is similar to that for Acapulco: insulated walls with a highly reflective un-insulated roof. The use of insulation in Hermosillo is only feasible in the absence of electrical subsidies. According to NOM-020, air conditioning of residential buildings in Mexico greatly affects peak demand on the electrical system. The highest impact occurs in coastal areas, where cooling is more common than heating, and in the northern states, where both cooling and heating are commonly used even in low-income households. Air conditioning and heating systems are less common in the cities of central Mexico, such as Salamanca [33] and Toluca [39] .
Based on calculations of this work, the energy demand for heating in Hermosillo is above 1000 kWh/year; this energy is necessary to maintain the indoor temperature of homes above 19 °C. Climate conditions in Hermosillo, however, are not as extreme as those in Chihuahua. The average of "extreme minimum temperature" for the coldest month in Hermosillo is −1.2 °C; in Chihuahua, that average is −10 °C [41]. Unlike in Chihuahua, thus, space-heating equipment is not common in Hermosillo. Figure 10 shows an economic analysis that omits the cost of heating; this analysis differs from that shown in Figure 5 . If only cooling energy is considered, the optimum scenario of thermal insulation for Hermosillo is similar to that for Acapulco: insulated walls with a highly reflective uninsulated roof. The use of insulation in Hermosillo is only feasible in the absence of electrical subsidies. The NOM-020 standard does not specify a particular R-value for roof and walls. It focuses on comparing the heat gains of a reference building and any planned building. The methodology calls for a calculation of heat flow through the building envelope in a one-dimensional steady state. The acceptability criterion is that the heat gain in the planned building must be less than the heat gain in the reference building. Thermal conductance data for the walls and roof of the reference building, as well as the temperatures necessary for heat flow calculation are included for some cities in the annex of this standard.
The NMX-C-460 standard suggests specifications for R-values, in three categories, that apply to the building envelope in order to improve the buildings' habitability and decrease their energy demand for interior air conditioning. The NMX-C-460 standard is non-mandatory, in contrast with the NOM-020. Table 8 compares the R-values for walls and roofs between several benchmarks: the reference building from NOM-020, the "Minimum" and "Energy Saving" categories suggested by NMX-C-460 and the optimal insulation scenario considered in this work. The R-values of Mexican standards are directly related to the need for additional thermal insulation in residential buildings built with the most widespread construction materials. Furthermore, there is relative agreement in R-values between the minimums suggested by NOM-C-460, the reference building of NOM-020 and the optimal cases of this work for Mexico City, Pachuca and Toluca.
The optimal R-values calculated in this work differ from the existing standards in a few cases. For Acapulco and Hermosillo, cities with very high energy requirements for space cooling, the R-values in the standards appear to be an overestimate. For Chihuahua, these values are underestimated.
The present work recommends greater insulation in colder cities. This is in agreement with NMX-C-460, which recommends the highest R-values for Climate Zones 3 and 4, but in contrast to NOM-020's recommendation that high R-value be used in Climate Zones 1 and 2. Furthermore, this work disagrees with NMX-460's recommendation that roofs be more insulated than walls in the warm Climate Zones 1 and 2. The results presented for Acapulco in Figures 3 and 4 and for Hermosillo in Figure 10 suggest that the optimal combination in warm climates is insulated walls with un-insulated, reflective roofs.
Conclusions
This study presents performance simulations of three different scenarios for insulating the walls and roof of a small single-family house, under the climate conditions of six cities in Mexico with very different heating and cooling requirements. The results show that insulating the entire opaque exterior of the house, including walls and roof, is economically viable for cities with cold winters and significant heating requirements, such as the cities of Chihuahua and Toluca. These cities show the greatest potential for thermal insulation, with net present savings of $127.7/m 2 for Chihuahua and $88.9/m 2 for Toluca (calculated using subsidized electricity prices).
For cities in temperate climates with relatively low requirements for heating and cooling, such as Mexico City and Pachuca, it is best to insulate only the roof. The net present savings for the optimal case in these cities are $7.6/m 2 and $30.9/m 2 , respectively.
The city of Hermosillo presents a somewhat distorted case. It has very high need for cooling and some weak need for heating, and the use of insulation results in very substantial economic savings if one considers the real cost of electricity. A very high federal subsidy on the price of electricity, however, makes the use of insulation economically counterproductive (with negative net present savings in all cases). The economic analysis could skew more favorably towards insulation for buildings with a higher energy demand, where the price of electricity reaches the "excess" level and the effect of subsidies would be less pronounced. If one ignores the energy cost for heating in Hermosillo, net present savings are positive only for combinations of 25-mm insulation on walls and highly reflective, un-insulated roofs.
The most novel results were found for cities with high cooling requirements without heating demands, such as Acapulco (and Hermosillo, if one ignores heating costs). In these places, it is best to insulate the walls and to have uninsulated roofs with high solar reflectance and infrared emissivity. This insulation combination is not a widespread practice in Mexico. Future work, particularly experimental work, should focus on validating these results in order to improve governmental strategies towards more efficient energy use in buildings.
This work shows that Mexican standards for the thermal properties of buildings, which are based on steady-state calculations, are appropriated for climate zones with high heating energy demands. For climate zones where the energy requirements for cooling are more significant than those for heating, this methodology should be reviewed to include such properties as the solar reflectance and infrared emissivity of exterior surfaces. Ultimately, the use of experimental and simulation-based studies that include transient state calculations would provide an even more accurate basis for future energy efficiency standards.
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The following abbreviations are used in this manuscript:
A ins
Total insulated surface area CDD Cooling degree-days C e, base Electricity cost in the base case C e, ins Electricity cost in the case with thermal insulation C e, prod Energy cost based on the cost of electrical production C e, sub Energy cost based on subsidized price of electricity C ins Total initial cost of insulation C 
